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abstr.\ct 

The relative importance of the two a-hydroxyistion pathways in the 
tumorigenicity of the tohacca-specific nilrosamine, 't-tmcChylniCrosa- 
Diino)-l-<3-pyTi<lyI)-l-butxnone (NNK), was examined in the A/J mouse 
lung- Methyl hydroxylation, which results in DMA pyridyloxobutylation, 
was investigated with 4-<acetoxyme[hyiiiilrosamino)-t-{3-pyridyl)'l-bu' 
tanone (NNKOAc) and N'-nitrosonornieotine. Methylene hydroxyUnioo, 
which leads to DNA methylaiion, was studied by using aceloxymeihyl* 
meihylnitrosamine (AMMN). The tumorigenic activities of these com- 

■nds were compared to that of ID yimol NNK at doses that yielded 
t lar or greater adduct levels 24 b after exposure. The methylating 
agent AMMN was more tumorigenic than the pyTidyloxobutylating 
agents, NNKOAc and A/'-niirosonomieoiine. NNKOAe enhanced the 
tumorigenic activity of AMMN when the two compounds were given in 
combination. These results suggested that DN.A methylalion was more 
important than DNA pyridyloxobutyiation b A/J mouse iung tumor 
induction by NNK and that pyridyloxobutylation enhanced the activity 
of the metbylation pathway. However, the tumorigenicity of tO nmot 
NNK could not be reproduced by AMMN i NNKOAc at doses that 
yielded simitar levels of DNA adducts 24 h after exposure. Therefore, a 
second study was conducted in which the persistence of Ct*-inelhy1gua- 
nine in lung DNA following various doses of NNK or .A.MMN ± 
■NNKOAc was compared to the tumorigenicity of these treatments. A 
strong correlation was observed between lung tumor yield and levels of 
C?*-melhylguanine at 96 h for NNK and AMMN ± NNKOAc (r = 0.98). 
The ability of NNKOAc to increase the tumorigenic activity of AMMN 
was attributed to its ability to enhance the persistence of O^'inethylguan- 
ine in lung DNA. These results demonstrate that the formation and 
persistence of O'-methyiguanine are critical events in the initiation of 
A/J mouse lung tumors by NNK. They also suggest that DNA pyridyloxo- 
butylation by NNK can berease the persistence of this promutagenic 
base in lung DNA. 

vi>miODUCT!ON 

The tobacco-specific nitrosamine, NNK,’ is present in signif¬ 
icant quantities in tobacco products (!)• This compound is a 
powerful pulmonary carcinogen in laboratory animals (2-4) 
and is believed to play a role in tobacco-relaied cancers in 
humans. NNK is a stable compound which requires metabolic 
activation in order to elicit its tumorigenic effects. It has two 
o-hydroxylation pathways through which ii can be activated to 
DNA reactive species (Fig. 1). Methylene hydroxylation gen¬ 
erates 4-hydroxy-4-(methylmtrosamino)-I-(3-pyridyi)-l-buta- 
none which decomposes to meihanediazohydroxide. This path¬ 
way leads to DN.A methylalion (5). Methyl hydroxylation yields 
4-(hydroxynicth>lnitrosamino)-l-(3-p\Tid>l)-l-butanone which 
decomposes to 4-o\o-4-(3-p>rid>l)lbut3ncdiazcih>dro\ide. 
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This compound pyridyloxobutylates DNA (6). 

Methyl DNA adducts derived from NNK include 7- and O*’- 
methylguanine (5, 7). 0‘-Melhylguanine can induce G-C to A- 
T transitions (8). A strong correlation has been observed be¬ 
tween lung tumor formation and levels of this adduct in Clara 
cells of NNK-treated rats (9). On the other band, little is known 
about the biological activity ofadducts resulting from DNApyri- 
dyloxobutylation. A m^or portion of these adducis are chemi¬ 
cally unstable and decompose to HPB under acid or enzyme 
DNA hydrolysis conditions. Despite their instability in DNA 
hydrolysates, the adducts persist in intact DNA for at least 4 
weeks both in vivo and in vitro/ Methyl deuterium substitution 
markedly inhibited the mutagenic activity of NNK (10). In 
addition, compounds capable of DNA pyridyloxobutylation, 
such as 4-(carbethoxynitrosamino)-l-(3-pyridyI)-l-butanone, 
are potent mutagens in Salmonella typhimurium (10). There¬ 
fore there is a potential role for pyridyloxobuiy! adducts as well 
as methyl adducts in the carcinogenic activity of NNK. 

U'e were interested in investigating the rote of these two 
pathways in NNK-induced pulmonary tumorigenicity. This was 
studied by separating the pathways using mode! compounds 
that only methylate or pyridyloxobutylate DNA. The meihyia- 
tion route was studied using AMMN. This compound, in the 
presence of esterase, will generate the same methjlating species 
formed upon methylene hydroxylation of NNK (Fig. 1) (11), 
NNKO.Ac was used to investigate the pyridyloxobutylation 
route. NNKO.Ac, following esterase-catalyzed hydrolysis, gen¬ 
erates the diazohydroxide that leads to DNA pyridyloxobu¬ 
tylation (Fig. 1) (12). The availability of these model com¬ 
pounds permitted us to study each activation pathway 
individually. 

We chose to investigate this question in the A/J mouse lung. 
We have previously demonstrated that a single i.p. dose of 
NNK induces a significant number of lung adenomas in A/J 
mice 16 weeks after exposure (4). The A/J mouse is a simple 
model that allows quantification of tumors in relatively short 
lime periods. Furthermore, the single injection protocol elimi¬ 
nates complications of multiple dosing, thereby allowing us to 
Study the biological consequences of the two activation 
pathways. 

In order to assess the relative importance of each pathway in 
NNK-induced tumorigenicity, our goal was to determine tumor 
incidence in mice treated with doses of AMMN or NNKOAc 
that gave levels of methyl or pyridyloxobutyl DNA adducts 
approximating those produced by NNK. This goal was achieved 
by first measuring the time course of lung DN.A methylalion 
and pyridyloxobutylation following a single 10-^mol NNK 
dose. Doses of the model compounds that yielded levels of 
DN.A methylalion or pyridyloxobutylation similar to those 
produced by NNK were determined. Then, a comparative bioas¬ 
say was conducted using doses of .X-AIMN. N.N'KO.Ac. and 
''NK based on these data. 
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(?*-METHyLCUANlNE AND NNK TUMORIGENESIS IN MOUSE LUNG 


MATERIALS AND METHODS 

Chemicals. NNK. NNN. NNKOAc, |S-=HiNNKOAc, HPB. AcPB, 
and C?*-me 1 hylguanine were prepared as described (12'1S). AMMN 
was obtained from the National Cancer Institute Chemical Carcinogen 
Reference Standard Repositorj. IS-^HJNNK (1.2 Ci/mmol) and {5-’H] 
NNN (1.1 Ci/mmol) were obtained from ChemSyn (Lexena, KS). 7- 
Melhylguanine and guanine were purchased from Sigma Chemical Co. 
(St. Louis. MO). 

Bioassay s for Tuntorigenicity. Female A/J mice, age 5 weeks, were 
purchased from The Jackson Laboraiorj (Bar Harbor, ME|. They were 
housed in groups of 10 under standard conditions (4) and maintained 
on AIN-76.A diet (Dyeis, Inc.. Bethlehem, PA; No. 100.000 with 5^ 
corn oil). .After 1 weeks, groups of 20 mice each were given i.p. injections 
of the appropriate compounds in saline. Two separate bioassays were 
conducted; Table 2 indicates the doses and compounds used in the 
initial bioassay whereas Tables 4, 6. and 7 denote treatments in the 
second bioassay. After 16 weeks, they were sacrificed by cervical disio- 
eaiiort and lung adenomas were counted. 

Short Term Animal Studies. Female A/J mice were maintained on 
AIN-76.A diet. At 7 weeks of age, the animals were given the appropriate 
compound in saline (Lp.). They were maintained on AIN-76 A diet until 
they were sacrificed at the specified time by cervical dislocation. Lungs 
were removed, frozen immediately on dry ice. and stored at —80‘C. 
Lung DN'A was isolated using a modification of the Marmur method 
( 6 ). 

Time Course of DN.A PyTidylovobutyiation by NNK. Five groups of 
four mice were treated with 10 umol of 15-'H)NNK (275,5 or 293.5 
mCi/mmoI) and were killed at 12, 24, 48. 96. and 144 h following the 
injection. All lungs of each group were pooled. 

Dose Response for DN.A Pyridylovobutylation by 15-^HiNNKO.Ac. 
Four groups of 4 mice were treated with [5-^HlNNKOAc in saline (0.2 
ml) and sacrificed 24 h later. All 4 lungs from each group were pooled. 
The doses each group received were: Croup 1. 6.1 ^mol (0.55 mCi); 
Group 2, .3,0 fimol (0.27 mCi): Group .3, I.S fimol (0.13 mCi); and 
Group 4. 0.6 pmol (0.05 raCi). A fifth group was treated with saline. 

Time Course of DN A Pyridylovobutylalion by (S-’HlNNKO.Ac. Three 
groups of 3 mice were treated with 5.5 tjmol [5-’H|NNKOAc (0.5 mCi) 
in saline (0.2 ml) and sacrificed 4, 8. or 12 h following injection. All 3 
lungs from each group were pooled at each time point. 

DN.A Pyridyioxobutylation by 15-’H)NNN. Eight mice were treated 
with 11 nmol I5-’H)NNN (2.7 inCi) and sacrificed 24 h following 
injection. Lungs from 4 animals w-ere combined for DNA isolation. 

Time Course of DNA Melhylation by NNK. Groups of 9-lS mice 
were treated with 10 ttmol NNK and sacrificed at 1. 4, 8, 12, 24, 48, 
96, !92, and 360 h following exposure. Lungs from 3-5 mice were 
pooled at each time point. There were 3 samples/time point. 

Dose Response for DNA Methylalion by AMMN. Five groups of 10 
mice were given a single dose of AMMN in saline (0.2 ml). The doses 
were 0.5. 1,25. 2.5. 5, or 10 nmol AMMN. Lungs from 3 mice in each 
group were pooled. 

DNA Methylation by NNK or AMMN ± NNKOAc. Sixteen groups 
of 27 mice were given single i.p. injections of saline solutions containing 
NNK or AMMN ± NNKO.Ac (0.15 ml) and divided into 3 subgroups 
for sacrifice at 4, 96, or 336 h after injection. Lungs from 3 mice were 
pooled at each time point. The doses and compounds given each group 
were: Croup I. I pmol NNK: Group 2, 1.5 «mol NNK; Group 3. 2 
#jmoi .NNK; Croup 4. 2.5 r^mot NNK; Group 5. .3 /jmol NNK; Group 
6. 5 rimol NNK: Group “t. 10 pmol NNK; Group 8. 0.5 i^mo! .AMM.N; 
Group 9. 1 ufiK'l AMMN; (iroup ICI. 1.5 umol .AMMN, Group 11, 2 
-ni.-l AMMN, Gniiip 12. U,5 -ni.-l XMMN - 4.2 i.rmd NNKO.Ac: 
<.»r.!up 1.3. I hOioI .AMAIN — 4.2 ..ni.d NNKO.Ac; Group 14. l.Sgmoi 
.AMMN + 4.2 ^imol NNKOAc; Group 15. 0.5 vmol AMAIN + 4.2 
umol HPB: Group 16. 0.5 vniol .AA1AIN 4.2 umol .acPB. In addition, 
there were 4 gnnips of 3 unim.tK th:iT were ireaud with 4,2 umol 
NNKfiXv. AkPB, HPH, <.r ...(fine Thew animals were sjertfived after 
24 h :jnd .3 lur j- w^re p'"4ed P-f ve.h uo.ily‘is. 
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80*Q. Levels of (5 ’HIHPB were analyzed by reverse-phase HPLC 
analysis with flowthrough detection of radioactivity (Flo-one/Beta ra- 
dioflow detector; Radiomalic Instruments,Tampa, FL).Sundards were 
added to neutralized hydrolysates and they were analyzed on a Cu 
reverse phase column (Whatman Partisil 5-ODS-3 cartridge column, 
4.6 X 12.5 cm) eluted with solvents A (20 msi sodium phosphate buffer, 
pH 7) and B (95% methanol-5% HjO) using a linear gradient from 
100% A to 65% A over 60 rain (flow rate, I ml/min). Levels of HPB 
released from ONA were determined from the radioactivity that co¬ 
eluted with standard. Guanine concentrations in the hydrolysates were 
determined by HPLC (5) and adduct levels were expressed as pmol 
HPB released/umol guanine. 

Neutral thermal and mild acid hydrolysates of DNA were prepared 
as previously reported (5). Levels of 7-methylguaiiine. t7*-methylgua- 
nine, and guanine were determined by HPLC analysis with fiuorescence 
detection (LC 240 fluorescence detector; Perkin Elmer, Norwalk, CTT). 
The hydrolysates were separated using two Partisil 10 SCX columns in 
tandem (Whatman, Inc., Clifton, NJ). Neutral thermal hydrolysates 
were eluted with 100 mM ammonium phosphate buffer, pH 2, and mild 
acid hydrolysates were eluted with the same buffer plus 10% methanol 
(fiow. 1 ml/min). Quantitation was achieved using standard c— 
prepared for each analysis. 

RESULTS 


The relative importance of the methylene and methyl hy- 
droxylation pathways of NNK metabolism in NNK-induced 
lung tumorigenests was investigated using the model com¬ 
pounds AMMN and NNKO.Ac. .Another tobacco-specific nitro- 
samine, NNN, was also invesligaled as a model for the pjri- 
dyloAobutylation route since hydroxylation at its 2'-position 
generates the same pyridyloxobutylating diazohydroxide as 
NNK and NNKOAc (6) (Fig. 1). Previous studies established 
that a single dose of 10 ^mol NNK generated approximately 
8-10 lung tumors/A/J mouse after 16 weeks (4). This dose was 
used as a standard in the present study. The tumorigenicities 
of the model compounds were compared at various doses in¬ 
cluding those that gave similar puimonary DNA adduct levels 
as 10 *(mol NNK. 

DNA Pyridyloxobulylation by NNK, NNKOAc, and NNN. 
Levels of DNA pyridyloxobutylation by 10 pmol NNK were 
measured to establish doses of the pyridyloxobutylating m 
compounds required for the comparative bioassay. The time 
course of DNA pyridyloxobutyiaiion by NNK was determined 
by treating groups of mice with 10 ^imol [5-’H]NNK and 
sacrificing at various time points following exposure. The ra¬ 
diograms of the strong acid DNA hydrolysates contained sev¬ 
eral radioactive peaks in addition to [S-’H)HPB as previously 
reported (14). These peaks result from metabolic pathways 
other than methyl hydroxylation of NNK (14). For the purposes 
of this study, we concentrated on the HPB-releasing adducts 
only. 

The amounts of HPB released from DNA at various time 
points are shown in Fig. 2. In the mice treated with NNK, 
adduct levels peaked at 24 h; there were detectable levels 6 days 
afier exposure. On the basis of these data, we used a 24-h time 
point to determine the doses of .NnN and NNKO.Ac that 
produced similar levels of HPB-releasing adducts. 

The amounts of HPB released from lung DNA of mice 
treated with 11 ttmol [5-’H]NNN or 10 /imol |5-'H]N’NK were 
similar (5.6 and 8.4 pmol [5-'HjHPB rcleased/ttmol guanine, 
rcspectivehl. The dttse response for adduct formation in lungs 
of |5-''H|NNkO.Ac-treated mice has been published previously 
(I4j, Based on these data, lung ON A from mice treated with 
4.2 ,. null ijf N NKtJ Ae c>r 10 unit?! of .\NK have approx i male I \ 
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C^'METHYLGUaNINE and nnk ttjmowgenesis in mouse lung 


Fig, 1. Proposed bioaeiivation paihwjysof 
SNK to meihylaiing and pvridyloxobu- 
(vbting iniermediates. 7-MeC. 7'fnelhyl gua- 
nine; O^-MfC. O’-meihylguaniftc. 
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(he same amount of HPB-releasing adtiucts 24 h after 
treatment. 

The time course of lung DNA adduct formation following 
injection of 5.5 fimol [5 -’H]N'NKOAc is presented in Fig. 2. 
Due to limited amounts of radioactive compound, adduct levels 
were determined only at 4, 8, and 12 h. Unlike NNK, the 
amount of HPB-releasing adducts peaked 8 h after exposure. 
The area under the curve for HPB releasing adducts during the 
first 24 h for 5.5 //mol NNKOAc was roughly 3.7 times greater 
than that observed with 10 //mol NNK (Fig. 2). Therefore, 1.5 
//mol NNKOAc (5.5 //mol 3.7) should give approximately 
the same overall amount of HPB-releasing adducts in lung 
DNA as observed with 10 //mol NNK during the first 24 h after 
injection. Based on these data, the following doses of pyri- 
dyloxobutylating agents were chosen for the comparative bioas- 
say in A/J mice: 1.5, 2, 4.2, and 10 /imol NNKOAc; and 10 
and 20 //mol NNN. 

DNA Methylation by NNK and AMMN. The time course of 
DNA methylation by 10 //mol NNK is illustrated in Fig. 3. 0‘- 
Methylguanine persisted in pulmonary DNA up to IS days. 
The highest levels of 7- and 0‘-methyIguanine were observed 4 
h after exposure. This contrasts with DNA pyridyloxobutyla- 
tion which peaked 24 h after exposure. These differences sug¬ 
gest (hat there might be at least two different isozymes for 
NNK activation; one catalyzes methylene hydroxylation and 
the other catalyzes methyl hydroxylation. This is supported by 
in vitro microsomal studies that indicate (here are different 
isozymes responsible for the two o-hydroxyiation routes (16). 
Aliernatheh. these difTerenees could reflect differences in ini¬ 
tial rates of repair for these adducts. 

In order to determine the dose of AMMN that yields similar 
levels of long DNA methylation as 10 //mol NNK. a dose- 
response study was conducted, using a 24-h time point (Table 
i!. \M\tN i0,5 /-moll sicldi'd similar leiels of O''- and 7- 
nieihy Icu.iriiiK .i-. ^'i'^Lr'c^l with lo uinol NNK. This dose was 
•o-il I" I'. '.rntine l!ie lime cnirw of DN \ methylation by 
\\l\l\ ,v i'.de l-.'e's ul c)'-m-.'thylca.inine were similar to 

Ss 


those seen with 10 //mol NNK at 24 h, they fell to one-fifth the 
level produced by NNK in 2 weeks (Fig. 4). The area under the 
curve for 0*-methylguanine levels up to 2 weeks for 10 //mol 
NNK was roughly 4 times greater than that observed for 0.5 
//mol AMMN for the same time period. Therefore, the doses 
chosen for the comparative bioassay were 0.5 and 2 //mol 
AMMN. These doses should yield comparable levels of DNA 
methylation to those observed with 10 //mol NNK. A lower 
(0.1 //mol) and a higher dose of AMMN (5 //mol) were also 
included. 

Initial Comparative Bioassay. The relative importance of the 
DNA pyridyloxobutylation and methylation routes was initially 
investigated by compairing the lung tumorigenicity of NNK to 
those of NNKOAc, NNN, and AMMN at various doses that 
generated similar levels of lung DNA alkylation as produced 
by 10 //mol NNK. We also Included groups of mice that were 
treated with solutions containing both NNKOAc and AMMN. 
The results of this bioassay are summarized in Table 2. 

The pyridyloxobutylating agents were weak lung tumorigens. 
NNN was only marginally active, if at all, at the doses tested. 



Fig. l.c-sfK rolrawd upon ac»«3 h\drolvsii of lunp D\.-\ ai 

afi^r mjeciion of ink'e wiih 10 *imol j5*'H)N’NK f*i or 5.5 umol 
|^-'H A‘sK.f '1 iBi *. ifsDiTiJlum fftim the prt?vjousl> puhlished di.''t-rvvps>n'«i.* 
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<3* METHVLCUANINE AND NSK TUMORJCENESIS IN MOUSE LUNG 



Time (days) 


Fig. 3. Amount or7-mcth>iguaniTie (■) and C7*-ineth>i£uanin^(V^ai intervaJs 
after injection of mice with 10 i^moi NNK.. 


Table ! [>oie rtspons^for lung DNA methyiation 24 h after treatmeni w^^h 
AMMS" 


pmol/i'niol guanine 


Compound 

Dose (;ffnol) 

hylgv^ninc 

<7*-Mechy|£oanine 

A.hSMN‘ 

0.5 

93.8 

!5.5 


1,25 

207 

35.7 


2.5 

489 

86.5 


s 

632 

130 


10 

2640 

SM 

NNK^ 

10 

96.1 i 26.3 

14.3 ± 1.9 


* Groups of A/J mice were treated with the indicated doses of AMMN or 
NNK in saline (i.p.) and sacrificed after 24 h. Five lungs were pooled for ONa 
isoiaiion. See "Marerials and VTeihods'* for details. 

* Ntean of two values. 

* Mean of three samples s SD. 



Fig. 4. Levels of O^^methylguaninc {0*-MeG) in lung DNA al intervals after 
injection of mice with 10 /<mol NNK <#) or 0.5 ^mol AMMN (■). Ban, SD. 


NNKOAc induced a dose-dependent increase in tumor forma¬ 
tion. However, its activity was significantly less than that of 10 
Mmol NNK, even at doses that gave levels of DNA pyridyloxo- 
bulylation comparable or greater than those produced by NNK 
(1,5-4.2 Mmol NNKOAc). 

•AMMN was more active in generating lung tumors than 
NNKO.Ac. There was a sharp increase in acii\iiy between 0.5 
and 2 umol, The tumor yield decreased at 5 Mmol: this dose 
icivie. The 0.5-Mniot dose of AMM.V was significantly less 
aciise than 10 mhioI NNK despite similar levels of DNA meth- 
ylalion al 24 h. 

Some combinations of .\MMN and N'N'KO.^c produced 

m. re tumors than either compound alone. This enhancement 

n, i< ni..;T\cd only "hen 0,5 umol was used. The 

tnitk.'.-- w-i" n-.i dependent on NNKOAc cnnceniraiion. The 

e ■■ NNKfSVe .tnd \M\IN at doses that gave 


adduct levels similar to those of NNK at 24 h (4.2 and 0.5 


Mmol, respectively) did not reproduce the tumorigenlc activitt 
of 10 Mmol NNK. 

Comparison of (?*-Methylguanine Levels to Tumorigenicity. 
The comparative bioassay suggested that DNA methylation 
was more important than DNA pyridyloxobutylation in A/J 
mouse lung tumor induction. However, it was difficult to relate 
the tumorigenicity of AMMN to that of NNK in terms of DNA 
adduct levels. The 0.5-Mmol dose of AMMN was less lumori- 
genlc than 10 Mmol NNK despite similar DNA adduct levels at 
24 h. AMMN at 24 Mmol, predicted from area under the curve 
calculations to yield similar overall levels of DNA methylation 
as 10 Mmol NNK, was substantially more tumorigenic than 10 
Mmol NNK. The dose responses for adduct formation as well 
as lung tumor yield between these two doses of AMMN were 
not known. The substantial difference at time points greater 
than 24 h in f?''-methylguanine levels induced by 0.5 Mmol 
AMMN and 10 Mmol NNK suggested that persistence of this 
promutagenic base was important for lung tumorigenicity but 
our existing data wereiimited. ^ 

In addition, we were interested in determining how NNKo/vc 
enhanced the tumorigenicity of AMMN. This increased activity 
suggested that DNA pyridyioxobutylation by NNK could mod¬ 
ify the activity of DNA methylation by NNK. One possible 
mechanism through which NNKOAc could elevate the tumor¬ 
igenic activity of AMMN is by increasing the persistence of <?‘- 


methylguanine. 


These questions w'ere addressed by measuring levels of O’’- 
methylguanine in mouse lung 4, 96, and 336 h (14 days) 
following exposure to various doses of NNK as well as various 
doses of AMMN in the presence or absence of 4,2 Mmol 


Table 2 Initial eom/iaratite biaassay of NNKOAc. I^'SS, AMM\. and WK in 
A/J mict* 


Compound (jititol) 

% df mice 
with Eung 
tumors 

Lung tumors/mousc 

Saline 

5 

0.05 ± 0.05'-' 

NNKOAc (1.5) 

15 

0.15 ± 0.1*'‘ 

NNKOAc (2.0) 

40^ 

0.4*0.l*''' 

NNKOAc (4.2) 

5(/ 

0.75 i 0.2*- '•' 

NNKOAC (10) 

6/ 

I.l ±0.2*'' ''* 

NNN(IO) 

30' 

0.3i:0.1* ' ‘ 

NNN (20) 

25 

0.35 S 0.2‘-' 

AMMN <0.1} 

20 

0.25 ± O.)*-' 

AMMN (O.S) 

80^ 

1.3 ± 0.3*- '• ' 

AMMN (2.0) 

iOtf 

26.4 i I.S* '-' 

AMMN (5.0) 

lOCf 

4.9 I 0,6' '■' 

AMMN (0.1) 4- NNKOAc (2.0) 

30^ 

0.3 ± O.I*’'- * 

AMMMN (O.S) 4 NNKOac (1.5) 


2.6 ±0.5* ' ' 

AMMN (0.5) 4 NNKOAc (2.0) 

9f/ 

3.:±0.4*'''' 

AMMN (0.5) + NNKOAC (4.2) 

MKf 

3.1 ± O.a*-'-' 

AMMN (2.0) V NNKOAC (2.0) 

90^ 

25.7 ± 2.5*' ' 

NNK (5.0) 

do' 

3.1 ± 0,5* ' 

NNK (10) 

100^ 

S.2 ± 0.<)' ' 


* GioupvofeO mice [a.erage starting weight. 20.1 - l.h g) were given a single 
i p injecuon of the appropriate compound in saline al the mdieated do.r Mter 
16 weelis, the animals were saerinced and lung adenomas were enunted The 
lumor counts arc expressed as the mean ± SE. 

* Stalrslicall) dilTerenl from 10 nmol NNK. Sludem's r test. P O.OI. 

‘ Statistically dirferent from 5 nmol NNK. Student's r test. C < 0 . 05 , 

^ .Staiislicallv dilTereni from control, x* test. P < 0.05. 

'Statistically difTerctit front control. P < 0.01. 

^Statistically different from control, x' test. P<0 01 
' Based (>n ,xo animals 

' Siatrsiicalli dilTerenl from control. Student's r test. P < i* 05 
' Based on I I animals 

*stjf!,ii,j!l. differehi fr.-m 0 5 unto! xVlxlK r.-.-i tii*. 
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Tabk 3 Leveis of O*‘m€lhyl%u(ininf in mouse lung DSA 4, 9^, nn4 ijtf A 
following trtatment with ^.VA' 


NNK* 

(/jtnoO 

piuol O* 

melh)lguaninc/(imol guanini* 

4 h 

96 h 

336 h 

" 1 

3.3 ± 0.7 (31 

1.6"'(2) 

<1.3 (4)' 

t.5 

6.i ±0.1 l3| 

3.4 ± 0.4 (3) 

<1.7(41 

2 

6.3 ±0.6131 

2.9' (2) 

<1-5 (4) 

2.5 

7.2 ± 1.2(3) 

4.4 ± 0.5(3) 

2.2 ± 0.2 (3) 

3 

6-6 ± 0.7 (3) 

5.0 r 2.0 (3) 

2.0 ± 0.6 (3) 

5 

12.5 ± 0.4 (3) 

10.2 ± L3(3) 

4.2 ± 0-4 (3) 

10 

21.3 ± 3.8 <3j 

20.5 ± 5 1 (3} 

9.4 ± 0,7 (4) 


“Groups of 21 mice ^erc gi^en a sjngJe i.p dose of NNK in saline <0.15 ml). 
Each group was divided into 3 subgroups for sacrifice at 4. 96. or 336 h 
postinjection. The lungs were pooled into 3 groups/time point for DNa isolation. 
Srt •‘Materials and Methods’' for details. 

* Mean z SD. Numbers in parentheses, number of samples analyzed, 

' Mean of 2 samples. 

^ A third sample did hot have dctecubir levels of O^-methylguanine. 


* Detection limits were 0.45 pmol G*-mcth>tguanine. The amount of DNA 
analyzed ranged from 0.2 to 0.5 mg. 

Table 4 Dose response for lung tumor induction by SSfC 

NNK 

% of mice 
with lung 

Lung tumors/ 

T u mors/O*-me 1 h> I - 

(/jmol) 

tumors 

mouse 

guanine at 96 h* 

0 

■ 0 

0.1 ±0.1 


1 

21 

0,2 ±0.1' 

0.20 

1.5 

40^ 

0.5 ± o.r' 

0.13 

2 

30 

0.3 ± 0.1 

0.10 

2,5 

55 / 

0 9 ± 0..3' 

0.20 

3 


1,9 ± 0,4' 

0.37 

5 

95' 

3.4 ± 0,4' 

0.34 

10 

9^ 

6 3 ± 0 6' 

0..^l 


* Groups of 20 mice (average starting '‘Vtghi 20 1 z 1.6 g) were treated vsiih 
the appropriate compound m the mdicaied dose (in saline, i.p.|. After 16 weeks, 
the animals were sacrificed and lung tumors were counted- The tumor counts 
were expressed as the mean z SE 

^ The ratio was ohiaihed using f!^-meihUguai)ine levels presented in Table 3. 

' Based on 19 animals. 

'Statistically dtfTercnt than control, x* ^ < 005. 

* Siatisiically different than control. Student's t test. F < O.QS. 

^Statisticallydifferent than control, x' lest. P< D.Ol. 

' Statistically different than control. Student's?test, P< 0.01. 



NNK (m mot) 

Fig 5. Tumor multiplicitv in groups of 20 \ J mice gisen various single i.p. 
doses of N'Nk in sahne and sacrifioed 16 wcek^ later. Data are from Table 4. 

NNKO.-Vl‘, .\dduci lovc’ls were then compurod lo ilic lumori- 
genic activities of these tre.itntents in order to sec if there was 
a correlation between lumorigcnic activity and 0''-nielhylgiia- 
nine formation and persistence. 

Levels of O'-nieilivIguanine following exposure to various 
.>f N\K .ire prescnieil in T.iblc In general, there was a 
d isC'depe!VJcni ili^rej'C in ihv .irii 'iint ol f.t'-nieihvIgu.tnine 
n-i. .;.i;r-,d o:'--. p..in!. I ':.:;tii.!l !e'.!' ■ e' rV-muhvI- 

..o'.in.' w,ii. I ; .,,-'.ed in .ill "I llw NNK li -s -1 .ind 


h after treatment. However, adduct levels in animals treated 
with 1, l.S, or 2 #iraol NNK fell below the detection limits at 
|4 days, despite similar adduct levels at 4 h in the I.5-3*;<mo! 
groups. 

The tumorigenie activities of these doses of NNK are sum¬ 
marized in Table 4. The lowest three doses were only slightly 
tumorigenie, if at all. The relationship between dose and tumor 
multiplicity is illustrated in Fig. 5. The dose-response curve 
appears to be biphasic with a break at approvimately 2 ;imol. 

ONMethylguanine concentrations detected at various time 
points after exposure to saline solutions of AMMN ± NNKO.\c 
are listed in Table 5, A dose-dependent increase in adduct 
formation was observed. Inclusion of 4.2 fimol NNKOAc led 
to a significant increase of O^-methyiguanine at all time points 
and with all doses of AMMN investigated. 

One way in which NNKOAc could enhance lung DNA meth- 
ylaiion by AMMN is by increasing the amount of AMMN that 
reaches the lung. This increase could be achieved through 
competition of NNKOAc and AMMN for esterase hydrolysis 
at the injection site and in blood. This hypothesis was tested by 
measuring lung alkylation by AMMN given with AePB. .AcPB 
is hydrolyzed by esterases to HPB (14); therefore, it should 
compete with AMMN for esterases- Neither AcPB nor its 
hydrolysis product, HPB, should interact with DNA. While 
both AcPB and HPB elevated levels of DNA methyiation by 
AMMN at 4 h, they had no apparent effect on 0‘-melhyigua- 
nine persistence (Table 6). Therefore, the ability of NNKOAc 
to increase methyiation by AMMN is not due to an elevation 

Table 5 0'-.\teihi‘lguamne Ifxels in mome lung D\A 1, 96, and 3}6 h afirr 
I SSKOiC 

pmol (7‘.me(hvlguanine/;imol guanine' 


Compound (»/mol) 4 b 96 h 336 h 


AMMN (0.5) 

3.3 


0.7 


).3 

< 

2.1 

2 

0.6 

-AMMN (0.5) -K NNKOAc (4.2) 

ts.i 

± 

5.4 

9.7 

± 

1.3 

5.8 

± 

2.0 

-A-MMNll.Ol 

15,5 

+ 

4..3 

10.8 

± 

4.4 

5.5 


2.3 

AMMN (1.0) + NNKOAc (4.2| 

36.4 

t 

8.0 

26.0 

± 

5.9 

16.6 

± 

3.3 

AMMN (1.5) 

11.9 

± 

3.3 

18.7 

± 

S.3 

11.7 

± 

3.8^ 

AMMN (1,5) + NNKOAc (4.2) 

37.8 

± 

12-7 

42.4 


9.5 

23-6 

± 

2.8' 

AMMN (2.0) 

34.7 

± 

12.3 

37.9 

± 

14.8 

13.2 

± 

6.5 


“ Groups of mice were [rented with ibe appropriate compounds at the indicated 
dose in saline (i.p.) Each group was divided into 3 subgroups for sacrifice at 4. 
96, or 336 h after treatment. Lungs from 3 mice were pooled for DNA isolation. 
S« ”Materials and Methods" for details. 

* Mean ± SD. 

^ Mean of two samples. 

* Mean of four samples. 


Table 6 O^'-Meikylguaninf ieveU in mowf lung DSA and (onesponding tumor 
y if Ids in mice treated with A alone or in the presence of SS'KOAc. AcPB, 

or HPB 

i7*'Meihylguatime 
(pmol/Mmo) guanine)* 

-- Lung tumors/ 

Compound" 4 h 96 h 336 h mouse*^ 

AMMN 4.4 <2.2' <2.2' 1,2 ±0.4 

AMMN + SNKO.Ac 18.1 ±5 4^ 9.7 ±1.3' 5.8 ± 2.0' 2.6 ± 0.4' 

AMMN - .\cPB 14.3^4,'”' —^ 0.5' 0.6 t 0.2 

oiPK q: r : r — 0 6' o.' iO.2 

"(.Titiips iif 9 mice TOv’oived j >mele ip dow of 0 5 nmol aMMN ± 4.2 Mmol 
S.NkOAf. \cPB. or [fl’B (in saline) and were saiTificcrf at the indicated times 
Lungs from jhrec an:maH were pooled for DNA isolation. See “.Materials and 
Methods" for details. 

* Three sampk*\ ± SO 

' GriJufs of 2(1 miOc (20-1 z. 1.6 pi wvie sicrifioed Ji 16 weeks following a 
^inplc I.p d<ise of the indicaied compi.)undK) jnd lung jJrnoma^ »crc counicd 

( hi. ^uiH.if v..\in’> uvfv, t \pf. 'St 2 jv ihu- riL,in i Sf 

" 1 Ji-icNn« r. !nnns p.^Ull tT mc^h^lcii.inint The amt-unt iT UN \ 

.:r,i v .'vi! fjOv-'-.-d I'rtini 2 tt» tJ ? r»E 

'M’ d VM’vIN .il.*nx • 'tcM. f <. f"'- 

n -r 
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Table 7 Dose response for tung adenomas in A/J mice treated »'//* AMMS ± NS'KOAc* 


-A.2 uniol NNKOAc +4.2 nmol NNKOAc 


AMMN 

of mice 
-with tumors 

TurtiOrs/rrtouse 

Tumors/O^-mClhyl* 
gtianine at 96 

% of mkrr 
with tumors 

Tumofs/moust 

Tumors/O^-melhyi- 
guaninc at 96 

0.0 

10 

O.i ±0.1 

/ 

35 

0.5 ± 0.2 

_ 

0.5 

«0 

1.2 s 0.4 

OM 

85 

2.6 ± 0.4' 

0.26 

0.75 

70 

1.7 ±0.6 


85 

4.3 ♦ 0.8'' 


1.0 

80 

2.5 ± 1.6 

0.22 

100 

7.5 ± 0.8' 

0.29 

1.25 

95 

6.6 ± 1.6 

— 

too 

11.5 * 1.1' 

— 

1.5 

95 

8,9 ± 1.7 

0.48 

100 

13.5 * I.l' 

0.32 

2.0 

lOO 

14.6* 1.9 

0.39 

95 

18.3 * 1.8 

— 

* Groups of 20 mice ( 2 verage starting eight. 20.1 i. 1.6 g) Mere ^crificed at 16 uecks fol]o>^ing i single t.p, dose of the indicated compoundfs) and lung adenoma* 


were counted. The tumor counts were expressed as the mean ± SE. 

* The ratios uere obtained using O^-methylguanine les'Ols presented in Table 5. 
' —, not deiertttined. 

^Staiiaiically dilTcrciil rrom AMMN alone. Student's r lest. P c. O.OS. 



Fig. 6. Dose response for Itsng tumor formation in .A.'J mice treated uith 
AM.MN ± 4.2 nmol NNKOAc •. mean talue for groups recehingonl) A.VIMN; 
O, mean 'alue of the groups reoci'ing both .AMMN and NNKOAc. Data are 
from Table 7. 


Table 8 Relationship between tumorsimoust and (P-methylguaniac levels in 
mouse lungs 96 h follotving exposure 10 .V.VA' or AMMI91 NS'KOAc 


T u mors/0* -met hy 1- 
guanine ai 96 h* 

NNK 

0.34 ±0.04* (3) 

AMMN 

0.40 ± 0.08' (4) 

AMMN + NNKOAc 

0.29 ± 0.03' (3) 

0>tTaU 

0.34 ± 0.07 


‘ Mean ± SD. Numbers in parentheses, number of values, 

‘ From Table 4 using values from groups treated with greater than 2.5 nmol 
NNK. 

^ From Table 7. 



0 ^'MeG at 96 h (pmol .umol guanine) 

In; " Rvl.i!i-'n'Inp K':ni .n t;;ii.md r<‘ 

Onth. i;,idinin if^'-.t/ct/l ir. lur.C I>N V or- tl uftcr trta1ir'-r,' Uilh N\K 'Hi. 
WIM'- -A , • V\1\IN - a ; . e-.- - SNK< I V. • X N:t 1 ..■ , ■- 
.I-Id-• vSiM'' =. SX.KI > \ J..;u jr. :• - I 


of the effective .■AMMN concentration or to effects caused b) 
the NNKOiAc metabolite, HPB. 

A comparison of adduct levels generated from AMMN ± 
NNKOAc to those produced from 10 trmol NNK demonstrates 
that different doses of AMMN ± NNKOAc mimic ' iK- 
derived 0‘-methyIguanine levels depending on the time point 
used (Tables 3 and 5). The combination of O.S rrmol AMMN + 
4.2 /rmol NNKOAc most closely reproduces (3‘-methylguanine 
levels generated by 10 ^tnol NNK at 4 h whereas I.S ;tmol 
AMMN or 1.0 irmol AMMN + 4.2 umol NNKOAc are better 
models at 96 h. .AMMN (1.5 gmoUalso yields levels comparable 
to those produced by 10 pmo! .NNK 2 weeks after treatment. 

The results of the bioassay for tumorigenicity of.AMMN ± 
.NNKOAc are summarized in Table 7. There was a biphasic 
dose response in tumor formation by AMMN (Fig. 6), as 
observed for NNK (Fig. 5), Addition of 4.2 amol NNKOAc 
significantly enhanced the tumorigenicity of AMMN. This 
increase was not observed when AcPB or HPB was adminis¬ 
tered w ith O.S )jmol .AMMN (Table 6). The slopes of the dose- 
response curves for tumor formation by AMMN, AMMN 
NNKO.Ac. and NNK were similar. 

When the tumorigenic activities of various doses of AMMN 
± NNKOAc were compared to that of 10 ^mol NNK, 1.25 
/jmol AMMN or 1.0 itmol AMMN - 1 - 4.2 /imol NNKOAc most 
closely approximated the tumor yield of 10 /tmol NNK. T se 
doses are within the range of doses found to produce sii.....''ar 
0‘-methylguanine levels at 96 h and 2 weeks as observed with 
10 /tmol NNK (1.5 *<moI AMMN or 1.0 >imo! AMMN + 4.2 


jjmol NNKOAc). The most consistent relationship between (3‘- 
methylguanine levels and tumorigenic activities of various doses 
of AMMN ± NNKOAc was observed using adduct levels at 96 
h. The ratio of lung tumors/mouse to levels of pulmonary O’'- 
methylguanine at 96 h was similar for all AMMN ± NNKOAc 
dose groups as well as for NNK doses greater than 2.5 f;mol 
(Table 8). The strong correlation between tumors/mouse and 
adduct levels at 96 h (r = 0.98: Fig. 7) demonstrates that NNK 
aciiviiy can be reproduced by AMMN ± NNKOAc at doses 
that generate a comparable (?''-mcihylguanine concentration ai 
this time point. 


Dt.SC I SSION 


The relative intportance of DN.A pyridyloxobuiylaiion and 
nielbylaiion paihvvayvin SNKinduced lung tumorigenesis was 
invcviiy.iied in the \ .1 niniise using niodel compnunds ihai 
(■niy r.''i'idyIo\obuiyl.iud i,\NV and NNkO voor nieihylated 

( \ V! XI ^ I OS \ I be u:nv aigcniciiivv ,if llvv -v c\'!uroutid' ivv-r,. 
r;i.. i-'.irvJ .0 v.iriioi- Ji-iw. Including llmvc iliui py ridy kivobu- 
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lylated or methylated DNA to an extent similar to that of 10 
NNK. Under these conditions, NNN was inactive and 
NNKOAc was only weakly tumorigenic. AMMN was very 
active in inducing lung tumors in A/J mice. These results are 
consistent with the observation that deuterium substitution on 
,he methylene carbon of NNK blocks DNA meihylation as well 
as tumor formation in A/J mouse lung (17). Methyl deuteration 
did not lower NNK activity. These studies indicate that DNA 
mcthyiation is a critical event in the initiation of A/J mouse 
lung tumors by NNK. 

Persistence of /?‘-methyiguanine appears to be important for 
tumorigenic activity since the inflection in the NNK tumori- 
genicity dose-response study occurs at the same dose at which 
we begin to detect measurable levels of <?‘-methytguanine at 14 
days following NNK exposure. The enhanced persistence at 
higher doses may result from saturation of the repair enzyme. 
C>‘-methylguanine'DNA transmethylase. Previous reports in¬ 
dicated that Clara cells accumulate fJ'^-methylguanine in rat 
lung following NNK treatment (10 mg/kg/day) and that NNK 
treatment effectively eliminates any measurabie transferase ac¬ 
tivity in these cells (18). Consequently disappearance of O*- 
methylguanine is much slower in Clara cells than in other 
pulmonary cell types (18). A strong correlation was found 
between the 0‘-methylguanine levels in Clara cells and lung 
tumor incidence in rats (9). 

While our experiments in mice examine levels of DNA al¬ 
kylation in whole lung and do not account for cellular selectivity 
in NNK activation, we also observed a strong correlation be¬ 
tween tumors/mouse and C-methylguanine levels measured at 
96 h for AMMN ± 4.2 ^mol NNKOAc, as well as for NNK (r 
= 0.98; Fig. 7). Therefore, NNK lung tumorigenic activity can 
be reproduced when mice were treated with a dose of AMMN 
± NNKOAc that produced comparable O^-methylguanine lev¬ 
els in lung DNA 96 h after exposure. 

Activation of K-ros oncogene appears to be important in both 
chemically induced and spontaneous lung tumors in A/J mice 
(19). While the mutational spectrum of activated K-nis onco¬ 
gene in spontaneously generated tumors was nonspecific, mu¬ 
tations in this gene from A/J mouse lung tumors induced by 
NNK predominantly involved G-C to A-T transitions in the 
second base of codon (2(19). This mutational event is consist¬ 
ent with formation of O^-methylguanine (20, 21), Therefore, 
the strong correlation between the persistence of dimethyl- 
guanine and tumor formation is likely connected to the impor¬ 
tance of K-ros oncogene activation in A/J mouse lungs. 

The weak activity of pyridyloxobuiylaiing agents in this ani¬ 
mal model suggests that pyridyloxobutyl DNA adducts are not 
activators of the K-ros oncogene. AMMN and NNKOAc have 
similar spectra of mutagenic activity in various Salmonella 
strains’; i.e., both AMMN and NNKOAc were active in TAIOO 
and TA98 but not TA102.’ However, the chemical nature of 
the pyridyloxobutyl adducts as well as the types of mutations 
generated by these adducts arc unknown. Pyridyloxobutyl ad¬ 
ducts may generate mutation tvpcs different from methvi ad¬ 
ducts since the muiationai spectrum of NNK in Eseherichiu 
coti tac\ gent was considerably more complex than that of 
.AMMN (22). The apparent inability of N'.NKO.Ac to activate 
K-ras oncogene does not preclude its ability to activate other 
oncogenes. 

The observation that DN\ methylation is the critical event 
in tunuir inducNon by >.NK !ii y .1 'iMU'.e liitic does n.'t nie.iri 
that this will be the case in miier NSK induced ttimor- Trie 

'I V b. •- II .1-.; b i. 1 ... . 


A/J mouse is predisposed to form lung tumors and K-roj 
oncogene activation appears to be critical for lung tumorigenic- 
ity In this species. 

There are differences in oncogene activation in tumors gen¬ 
erated by NNK in different animal species and tissues. For 
example, K-ras activation is important in NNK-induced lung 
tumors in A/J and C3H mice (8,19), but does not appear to be 
important in liver tumor induction by NNK in C3H mice (8) 
or in lung tumor induction in F344 rats following chronic NNK 
exposure (23). Furthermore, the ability of NNN to induce 
esophageal and nasal tumors (24, 25) suggests that the pyri- 
dyloxobuiylation pathway is capable of inducing tumors, pos¬ 
sibly through activation of oncogenes other than K-ros or by 
other mechanisms. Additional studies are required to determine 
the role of pyridyloxobutylation in other animal models. 

The pyridyloxobutylation pathway appears to play an impor¬ 
tant role in increasing the activity of the methylation route in 
A/J mouse lung since NNKOAc was found to markedly in¬ 
crease the lumorigenicity of aMMN. This enhancement was 
attributed to its ability to increase AMMN-derived 0*-methyI- 
guanine levels and their persistence. The mechanism by which 
these levels are increased is unknown. NNKOAc does not 
appear to elicit its effects by merely increasing the effective 
concentration of AMMN through competition for esterases, 
AePB. which would compete with NNKO.Ac for esterase hy¬ 
drolysis, did not affect persistence of 0‘-methylguanine gener¬ 
ated by aMMN, In addition, HPB was not able to significantly 
affect persistence of AiMMN-derived 0*-methy!guanine. This 
observation indicates that HPB, the principle metabolite of 
NNKO.Ac. was not involved in the enhanced methyl adduct 
levels seen when NNKO.Ac was coadministered with .A.MMN. 
Consistent with this observation, neither AcPB nor HPB were 
able to enhance the tumorigenic activity of 0.5 pmol .AMMN. 
Therefore, it is likely that NNKOAc enhances methylation 
levels and consequently the tumorigenic activity of AMMN, 
through either protein or DNA pyridyloxobutylation. One pos¬ 
sibility is that pyridyloxobutylation of the repair enzyme 0‘- 
methylguanine-DNA methyltransferase occurs, thus impairing 
its ability to reverse methylation damage at the Opposition of 
guanine. 

The ability of NNKOAc to increase the alkylation efficiency 
of .AMMN suggests a possible role for the pyridyloxobutylation 
pathway in NNK lumorigenesis. Since pyridyloxobutylation by 
NNKOAc increases the methylation efficiency of AMMN, it is 
possible that NNK pyridyloxobutylation can increase the effi¬ 
ciency of NNK methylation, Belinsky et ai (26) reported that 
the methylation efficiency of NNK was markedly increased at 
lower doses of NNK. This effect was not observed with DMN. 
This observation was explained by differences in isozyme acti¬ 
vation of NNK and DMN. Another contributing factor may be 
that methylation by NNK at lower doses is enhanced by the 
pyn’dv loxobutylaiion pathway. Since DMN lacks this route, the 
enhancement would not be observed. 

In summary, our results demonsiraie that methylation of 
lung DN A !s a crucial step in A.'J mouse lung tumorigenesis 
by NNK, Persistence of O" methy lguanine is required for tumor 
form;ttion. These studies also indicate that DNA pyridyloxo- 
butylatitin by NNK may be capable of prolonging the lifetime 
of (bis protnuiaeenie base its lung DN.A. 
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studies and Drs. Shantu Amin and Dhimant Desai for supplying us 
with NNK. 
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